rate and ease of absorption, however. Pulmonary absorption depends upon ventilation factors, while skin permeability differs according to region of the body and skin temperature (Fiserova-Bergerova, 1985) Several factors may influence the rate of solvent uptake, metabolism, and subsequent clearance from the body Besides the type of solvent, individual characteristics can be important and can ultimately affect the concentration of solvent present In specific tissues, or "target organs" Sex and other genetic factors as well as diet, altitude, weight, and level of physical activity can alter uptake and elimination by affecting phvsiologic parameters or metabolic clearance. Concurrent exposure to other chemicals may enhance or inhibit metabolism of solvents. A notable example is alcohol which, ingested chronically, may enhance metabolism of solvents (Fiserova-Bergerova, 1985) IMPORTANT HEALTH EFFECTS Solvent toxicity has been implicated In several disorders, including those of the renal, dermatologic, hepatic, and hematopoietic systems Effects on the nervous system, however, are of particular concern due to the critical nature of nervous system functioning and the relatively poor ability of nervous tissue to repair or regenerate. There is general agreement that solvent neurotoxicity, particularly with regard to the central nervous system and possible irreversible effects, is largely unstudied and worthy of much additional research (Baker & Fine, 1986) .
METHODS USED TO STUDY NEUROTOXINS
Research on the potential neurotoxicity of solvents has been carned out in experimental animal studies, epidemiologic studies of exposed persons, and studies of persons exposed in AAOHN JOURNAL, NOVEMBER 1986, VOL. 34, NO 11 539 controlled chambers. Occupational solvent exposure usually takes place in operations which require mixed solvent use, making it difficult to determine which specific compounds are responsible for any observed impairment. Animal and chamber experiments have the advantage of looking at one solvent at a time, but they have drawbacks. Extrapolation of animal data to humans is not always appropriate; human exposure studies are expensive and deal mainly with short-term exposures. Finally, case reports of individuals who have been accidentally or intentionally exposed to high doses of solvents have provided some insight into potential neurotoxic consequences of specific agents.
PERIPHERAL NERVE EVALUATION
Techniques for clinical evaluation of peripheral nerve function have been employed in studies of workers exposed to solvents. These include nerve conduction velocity studies and electromyography, tests which can sometimes provide objective data on peripheral nerve dysfunction before symptoms are noted by the worker and before changes are apparent on examination (Seppelainen, 1985) . In addition to peripheral nerve assessment by clinical examination, symptom questionnaires which focus on motor, sensory, and autonomic nervous system function can be used to identify possible cases of peripheral neuropathy (Freeman, Bleecker, Comstock & Brookmeyer, 1985) .
Research efforts are now underway to develop methods for quantitatively describing and assessing sensory abilities such as vibration, temperature, and touch discrimination (Bleecker, 1985) . These techniques could prove useful in the identification of early neuropathy, when adverse effects might yet be reversible.
KNOWN NEUROTOXINS
Both n-hexane and methyl n-butyl ketone are solvents which produce sensorimotor or motor neuropathy in exposed workers and in animals (Allen, Mendell, Billmaier, Fontaine & O'Neill, 1975; Spencer, Schaumberg & Raleigh, 1975; Herskowitz, Ishii, & Schaumberg, 1971 ). They also illustrate toxicologic principles which can govern the toxic potential of an agent. Methyl n-butyl ketone is actually one metabolite of nhexane, and both are further metabolized to 2,5-hexanedione. This metabolite has substantially greater neurotoxic
Neurobehavioral testing techniques have been applied to the study of long-term, low concentration solvent exposure in several crosssectional epidemiological studies.
potency than the parent compounds, an example of a case where toxicity may not correlate directly with concentrations of the original agent but with metabolic products instead. Factors affecting metabolism of the parent substance will ultimately affect toxic outcomes. Also, the toxic effects of nhexane and methyl n-butyl ketone are enhanced synergistically during concurrent exposure to methyl ethyl ketone (MEK) in animals and probably in humans (Altenkirch, Wagner, & Stoltenberg-Didinger, 1982) . This interaction illustrates the ability of one chemical to potentiate the toxic properties of another. Possible interactive effects make exposure to mixed solvents particularly difficult to study and may account for inconsistent results of some studies.
Another solvent with long-recognized effects on the peripheral nervous system is carbon disulfide. This substance is known to have other systemic effects (e.g. cardiovascular and renal) and may also impair the central nervous system (CNS). Evidence for these effects was first derived from observations of exposed workers who used carbon disulfide in the manufacture of viscose rayon (Knave, Kolmodin-Hedman, Persson & Goldberg, 1974) . It has also been employed as a solvent for oils, waxes, and resins Animal studies have confirmed peripheral nerve findings, demonstrating nerve conduction abnormalities, distal axonal swelling, and degeneration of distal peripheral nerves and long spinal-cord tracts (Spencer & Schaumberg, 1985) .
MIXTURES OF SOLVENTS
Epidemiologic studies of painters exposed to mixed solvents at relatively low levels have yielded some evidence of abnormal nerve conduction values when compared to reference groups (Elofsson et el., 1980; Seppsleinen, Husman, & Martenson, 1978) . However, the significance of these slight differences has been questioned (Baker & Fine, 1986; Spencer & Schaumberg, 1985) . A recent study by Matikainen and Juntunen (1985) suggests that the autonomic nervous system may be affected by solvent mixtures.
CENTRAL NERVOUS SYSTEM EFFECTS
Acute organic solvent exposures are associated with pre-narcotic effects such as exhilaration, dizziness, and drowsiness. These effects are generally felt to be reversible, but pose occupational dangers when accident risk increases or when use in confined spaces leads to complete respiratory depression (Bakinson & Jones, 1985; McCarthy & Jones, 1983) . Chronic impairment of the central nervous system by occupational solvent exposure is the subject of much debate and research.
CNS SYMPTOMS
Symptoms commonly reported by long-term solvent workers include headache, insomnia, fatigue, concentration and memory problems, and mood changes (Hane et aI., 1977; Husman, 1980) . These "neurasthenic" symptoms are suggestive of CNS effects. Complaints of this nature indicate the need for further neurologic evaluation, particularly if a consistent pattern is noted among an occupational group. A recent investigation of a group of industrial painters was launched after such a trend was noted among patients in an occupational health clinic (Linz et aI., 1986) . Specific solvents which have been associated with increased frequency of CNS symptoms include styrene (Herkonen et ai, 1978) , methyl cellosolve (Zavon, 1963) , and carbon disulfide (Hsnninen, 1971) Car painters subjected to mixed solvent exposure also voiced significantly more CNSrelated complaints than did nonexposed workers (Husman, 1980) .
EVALUATING THE CENTRAL NERVOUS SYSTEM
Means of objectively assessing CNS function are currently based on techniques developed for clinical use and are not always suitable for detection of subtle, early dysfunction Electroencephalography (EEG) has been used in a few studies, but this method reflects a rather acute loss of neurons or neuronal function. In addition, since 10% to 15% of the normal population may have EEG abnormalities, it is not considered appropriate for screening purposes (Seppeleinen, 1985) .
The study of evoked potentials-brain activity evoked by visual, auditory, or somatosensory stimuli-is a newer e1ectrophysiologic method which may soon prove useful in evaluating solventexposed groups (Seppeleinen, 1985) .
NEUROBEHAVIORAL TESTING
Another approach to objective evaluation of CNS function has been the application of neurobehavioral (sometimes called psychometric) test methods (Hsnninen, 1979) . These techniques have been used in studies of occupational exposures since the 1960s (johnson & Anger, 1983) . Because it is believed that test results may serve as indicators of early neurotoxicity, there is growing interest in their use in health surveillance programs to monitor for adverse effects of chemical exposures. Functions addressed by these tests include learning, memory, vigilance, visual perceptual skills, and psychomotor speed and coordination.
EXPERIMENTAL CHAMBERS
The use of neurobehavioral test methods in studies of solvent exposure has been reviewed by Gamberale (1985) . Exposure chamber investigation of single or combined exposures is one example of their application Behavioral performance was shown to be affected by relatively low concentrations of most of the solvents tested, such as trichloroethylene and toluene (Gamberale & Haltengren, 1972; Salvini, Binaschi, & Riva, 1971) This design allows only the evaluation of short-term effects, usually during or Just after exposure, and has the additional disadvantages of expense, small numbers of subjects, and exposure conditions poorly representative of actual work settings In addition, young, healthy subjects may not be typical of workers who actually use the solvent.
STUDIES OF WORKERS
Field studies have also been carried out which employ neurobehavioral test techniques to study performance of workers before and after actual exposure, generally pre-and post-shift or after days off from work Cherry and her colleagues (1981) were able to show a correlation of simple visual reaction time measurements to indices of styrene
Solvent-induced encephalopath'h defined by symptoms and impairment in psychological performance, is recognized
as an occupational disease in Scandinavian countries.
exposure. This type of study allows the advantage of each worker serving as his own control for comparison of data under different exposure conditions. Once again, however, long-term effects are usually not addressed Neurobehavioral testing techniques have been applied to the study of longterm, low concentration solvent exposure in several cross-sectional epidemiologic studies. These studies are generally retrospective, with little or no information available on previous performance capabilities of workers.
Results of tests must be compared to those of a control group assumed to be similar to the exposed workers in all ways except their exposure to solvents. Because of the many variables which may affect test performance, results must be interpreted with caution. It is imperative that obvious potentional confounding factors known to be associated with performance, such as age, education level, and native language, be controlled. This is frequently done by matching the exposed and control groups on these variables. Another approach is to compare the groups on tests thought to be relatively unaffected by neurotoxin exposure, such as vocabulary, either to match subjects or to assure that they are similar.
MIXED SOLVENTS-NEED FOR MORE RESEARCH
Results of epidemiological studies of solvent exposure have also been reviewed by Gamberale (1985) who summarizes inconsistent results for investigations of mixed solvent exposure. Differences on functions such as memory, reaction time, and perceptual ability may be due to varied types, concentrations, and duration of solvent exposures, but inconsistency in neurobehavioral measurement methods must also be considered. Until techniques have been refined, validated, and standardized to an acceptable degree, results will continue to be difficult to compare and to interpret.
It should be pointed out that solventinduced encephalopathy, defined by symptoms and impairment in psychological performance, is recognized as an occupational disease in Scandinavian countries (Rasmussen, Olsen, & Lauritsen, 1985) . Disabled workers have received compensation for this disorder.
The possible association of long-term mixed solvent exposure with psychiatric illness has been suggested (Axelson, Hane, & Hogstedt, 1976; Ekberg et aI., 1986) , Axelson and co-workers found an increased risk of non-specific neuropsychiatric disorders among painters, varnishers, and carpet layers. Ekberg and colleagues (1986) noted an increased prevalence of clinical depression among floorlayers. Another study found solvent workers at greater risk of premature retirement due to neuroses, but not due to other psychiatric disorders (Lindstrom, Riihimaki, & Hanninen, 1984) .
FUTURE TRENDS
Computer administered testing procedures are now being developed for application in studies of potential occupational neurotoxicity (Baker, Letz, & Fidler, 1985) . This approach carries the advantage of standardized administration, accurate timing and scoring, and convenient data collection and transfer. Validation of computerized batteries and development of normative score data must be accomplished before widespread use becomes available. Presentation techniques must also be appropriate for the group or individual under study, so that written or auditory instructions are capable of being understood.
Neurobehavorial performance tests may soon be available not only for the study of groups suspected of neurotoxicity following chemical exposure, but as surveillance measures to detect ear~y and hopefully reversible CNS effects. Baseline testing conducted on each worker prior to exposure would provide the best data against which to compare subsequent results.
Our definition of acceptable levels of solvent exposure have changed over past years based on some of the neurotoxic effects which have been described. There is little doubt that continued research, improved assessment techniques, and alertness to A recent study found solvent workers at greater risk of premature retirement due to neuroses, but not due to other psychiatric disorders. potential toxicity will enhance our knowledge of many of these compounds, enabling us to promote the safe use of solvents without neurotoxic consequences.
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